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Abstract
The existence of near-threshold charmed baryon Λc(2595)
+ implies that the pion and the lightest,
isospin-1 charmed baryon Σc interact very strongly at extremely low energies. Using the two-flavor
version of heavy hadron chiral perturbation theory, I explore the direct consequences of this strong
force by investigating whether the Σc can trap two very soft pions to form any visible hadronic
states. The answer is positive. It is found without tuning any free parameters or ultraviolet cutoff
that the state in question, with quantum numbers I(JP ) = 1(12
+
), presents itself as a resonance
pole only a few MeVs away from the ππΣc threshold. Subleading corrections are estimated with
power-counting arguments, and the smallness of pion momenta is found to facilitate the reliability
of the analysis. Because of its proximity in mass, this excited Σc resonance is speculated to be
related to the broad resonance labeled as Λ+c (2765).
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Negative-parity, isoscalar, and spin-1/2 charmed baryon Λc(2595)
+ is situated δ ≡ ∆ −
mπ ≃ 1 MeV above the πΣc threshold, where Σc is the lightest isospin-1 charmed baryon,
with a mass smaller than Λc(2595)
+ by ∆ ≃ 139 MeV [1]. Due to its quantum numbers,
Λc(2595)
+, denoted by Λ⋆c , couples in the S wave to the isoscalar channel of πΣc. The
closeness of Λ⋆c to the πΣc threshold indicates that the resonant, S-wave interaction of πΣc
is incredibly strong at very low energies that are characterized by the size of the pion three-
momentum around the Λ⋆c resonance, Q ∼
√
2δmπ ≃ 20 MeV. This is an extreme case where
the low-lying resonance upsets the naive expectation based on spontaneous breaking of the
approximate chiral symmetry of QCD, that soft pions couple weakly to other hadrons.
While one can study the origin of this low-energy attraction of the πΣc system per se, I
explore here the direct consequences of this strong force, by investigating whether the Σc can
trap two soft pions to form heavier hadronic molecules. The ππΣc configurations compatible
with the isoscalar, S-wave πΣc interaction have quantum numbers I(J
P ) = 1(1
2
+
). Without
tuning any free parameters at leading order (LO), a Σc resonance is found to be near the
ππΣc threshold, with a pole at most a few MeVs away from the threshold.
The low-energy character of the πΣc interaction makes it possible to focus on the small
phase space around the ππΣc threshold in which all three particles have momenta comparable
to Q ∼ 20 MeV. The Σc can decay into the ground-state charmed baryon Λ+c but the width
≃ 2 MeV is small. So the Σc is approximated here as a stable state. Its transition to the
ground-state Λc and the pion can be incorporated in subleading orders, as will be briefly
discussed. Since the constituent particles are almost on-shell and quite stable, nonrelativistic
few-body dynamics is adequate and the states far away from the ππΣc threshold can be
“integrated out”. In order to exploit systematically the smallness of Q, I use a specialized
version of heavy hadron chiral perturbation theory (HHChPT) [2–5] that includes only light
flavors of u and d.
The study echoes the efforts to investigate trapping of pions or kaons in finite [6–9] or
infinite nuclear matter [10, 11]. However, the πΣc interaction presents a more realistic
scenario for pions to be trapped in baryonic matter, because the small pion momentum
suggests that the effective field theory depends very little on the short-range detail of QCD
physics.
Another interesting aspect of the Λ⋆c − πΣc system is the fine-tuning manifested by the
tiny value of δ. A near-threshold S-wave resonance usually implies both the scattering
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length and effective range be fine-tuned, but Ref. [12] was able to show that thanks to
chiral symmetry, only one fine-tuning, the pion mass, is needed for the underlying theory to
situate the Λ⋆c so close to the πΣc threshold. Looking into how this fine-tuning propagates
through the charmed-baryon sector provides a perspective that could offer more insights into
hadronic interactions. For instance, the decay phenomenology of Λ⋆c becomes very sensitive
to isospin violations [13, 14] due to the smallness of δ. The three-body system of ππΣc is
another natural stage to look for the implication of the said fine-tuning, in a spirit similar
to studying universality in few-body systems with large scattering length [15].
For the time being, only Σc, Λ
⋆
c and pions are relevant degrees of freedom, so we con-
sider the usual heavy-baryon chiral Lagrangian without heavy quark symmetry manifestly
incorporated. The relevant leading terms [12] are
L = iΣ†aΣ˙a +
i
f 2π
Σ†a (πaπ˙b − πbπ˙a)Σb
+Ψ† (i∂0 −∆)Ψ + h√
3fπ
(
Σ†aπ˙aΨ+H.c.
)
+
(
m2π
2
pi
2 − p˙i2
)
pi
2
4f 2π
+ · · ·
(1)
Here Ψ (Σ) is the field that annihilates Λ⋆c (Σc). The pion decay constant fπ = 92.4 MeV,
and the πΣcΛ
⋆
c transition coupling h
2 = 3/2 h22, where h2 is the counterpart of h in the
HHChPT Lagrangian [5]. At LO, the transition vertex is approximately proportional to mπ
because the pion momenta are very small. The second term of the first line is the Weinberg-
Tomazawa term for the Σc, and the third line is the leading S-wave pion-pion interaction.
I use throughout the paper the heavy-baryon notation for baryon energies, which have the
mass of Σc subtracted.
The two-body interaction of πΣc is can be encapsulated in the dressed Λ
⋆
c propagator [12],
iD(p) =
i
(p0 −mπ)− δ − ǫh2
√
2(mπ − p0)mπ
, (2)
where, besides δ, ǫ ≡ m2π/4πf 2π = 0.18 is the other small parameter to be exploited here.
Since we are only interested in very low energies at which πΣc interaction is resonant, we
can consider for power-counting purposes that |p0 − mπ| ∼ δ. The dressing is necessary
when each term of the denominator in Eq. (2) is of the same size. It immediately follows
that δ ∼ Q2/mπ ∼ ǫ2mπ, where we have used h = O(1). It can be numerically verified that
δ and ǫ2mπ are indeed of the same order of magnitude.
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FIG. 1: Resummation of Σc-exchanges in πΛ
⋆
c scattering. The double, solid, and dashed lines
represent propagation of a Λ⋆c , a Σc, and a pion, respectively. The thick lines are dressed Λ
⋆
c
propagator.
Attaching πΣcΛ
⋆
c vertexes to the dressed Λ
⋆
c propagator, we obtain the πΣc elastic scat-
tering amplitude and extract the scattering length and effective range as follows [12],
− 1/a = δ
ǫh2
, r = − (ǫh2mπ)−1 . (3)
Since there is not any physical difference between the Ψ field and composite operator πbΣb,
any correlation functions of the form 〈0|πaΨπaΨ†|0〉 can be used to search for potential states
associated with ππΣc. I choose to study the pole structure of the πΛ
⋆
c scattering amplitude,
represented by the blob in Fig. 1. In the center-of-mass (CM) frame, the pion has incoming
(outgoing) four-momentum (k0+mπ, ~k) [(q0+mπ, ~q )] and the baryon has incoming (outgoing)
four-momentum (EΛ +mπ,−~k) [(E − q0 +mπ,−~q )], where EΛ is the energy of Λ⋆c . In my
notation the CM energy
√
s = E + 2mπ +MΣc , and E = ~q
2/2mπ + EΛ when the external
pions are on-shell, but the external Λ⋆c are not necessarily so.
We can break up any πΛ⋆c scattering diagrams into two parts: (1) πΛ
⋆
c potentials, diagrams
that are still connected after a pion and a Λ⋆c internal lines are cut, and (2) propagation of πΛ
⋆
c
with the dressed Λ⋆c propagator. The dominant πΛ
⋆
c potential is the u-channel Σc-exchange.
Illustrated in the second line of Fig. 1 are Σc exchanges connected by πΛ
⋆
c propagators.
Using power-counting language, I argue as follow that these diagrams must be resummed.
The pion’s kinetic energy is ∼ Q2/mπ, so is the energy following through baryon prop-
agators. Therefore, the Σc propagator contributes a factor of (Q
2/mπ)
−1. With the πΣcΛ
⋆
c
vertex ∼ (mπ/fπ), the LO potential is then counted as
mπ
fπ
1
Q2/mπ
mπ
fπ
∼ m
3
π
f 2πQ
2
. (4)
The propagation of πΛ⋆c intermediate states consists of a pion propagator contributing a
factor of 1/Q2, a dressed Λ⋆c propagator ∼ (Q2/mπ)−1, and the loop integration
∫
dl0d
3l ∼
4
Λ+c
(b)(a) (c)
FIG. 2: Subleading πΛ⋆c potentials. Except that the baryon propagator at the center of (c) repre-
sents the ground-state Λ+c , the symbols are the same as in Fig. 1.
(Q2/mπ)Q
3. The numerical factor associated with nonrelativistic pion loops is typically
1/(4π), rather than 1/(16π2) [12]. Therefore, the πΛ⋆c propagation generally contributes a
factor of Q/4π.
The once-iterated potential, the second diagram in the second line of Fig. 1, scales as
m3π
f 2πQ
2
Q
4π
m3π
f 2πQ
2
∼ m
3
π
f 2πQ
2
Q
ǫmπ
(5)
Because Q/ǫmπ ∼ 1, the once-iterated potential contributes about the same as the Born
term does. By induction, we conclude that it is necessary to resum all the diagrams in the
second line of Fig. 1.
With the above argumentation, we are in a position to estimate theoretical uncertainties
of the present analysis by counting subleading corrections that are not included at LO. In
Fig. 2 (a) S-wave pion-pion vertexes contribute a factor of m2π/f
2
π . With the aforementioned
counting rule applied to other elements of the diagram, pion-pion interactions are found
to correct the LO πΛ⋆c potential by O(ǫ2). However, this does not mean that the prob-
lem reduces to a simple system of independent bosons, because the energy-dependent πΣc
invalidates the separation of the pions’ coordinates in the Schro¨dinger equation.
The Weinberg-Tomozawa term for the Σc provides corrections to both the Λ
⋆
c self energy
and the πΛ⋆c potential. The diagram of Fig. 2 (b) shows its correction to the potential,
but it turns out to vanish after the isospin indexes are contracted. Even if it did not, its
contribution would be O(ǫ2), based on power counting. The correction to the Λ⋆c self energy
was found in Ref. [12] to be O(ǫ2).
Since the Σc couples to πΛ
+
c , where Λ
+
c is the ground-state charmed baryon, it is necessary
to analyze the contribution of the πΛ+c intermediate states. Figure 2 (c) shows how the πΛ
+
c
intermediate states contribute. The four-momentum flowing through the loop is of the size
Q′ ∼ (MΣc −MΛ+c + 2mπ), which can be numerically approximated by ∼ 3mπ; therefore,
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we can apply the standard ChPT counting to relativistic pions. The Σc propagators are
off-shell by an amount of 2mπ, and the πΛ
+
c Σc transition vertex contributes a factor of Q
′.
Putting these elements together, we find the diagram scales(
mπ
fπ
)2(
1
2mπ
)2
Q′3
(4πfπ)2
, (6)
which is suppressed by a factor of 3
2
ǫ2( Q
′
4πfπ
)2, compared with the LO potential. Intermediates
states involving more pions, like ππΛ+c , give rise to even more loops, and hence are more
suppressed.
Σc and Λ
⋆
c have respectively a spin-3/2 neighboring state, Σc(2520) and Λ
+
c (2625). These
neighboring states are degenerate in the heavy quark limit. If we only search for possible
resonances with I(JP ) = 1(1
2
+
), these spin-3/2 partners will not interfere very much despite
the relatively small mass difference. For example, consider the u-channel exchange between
Λ⋆c and π by a Σc(2520), denoted by Σ
⋆
c . The πΣ
⋆
cΛ
⋆
c transition vertex is proportional to
the pion momentum square [5]. After being projected onto the S-wave, the Σ⋆c exchange is
suppressed by O(ǫ2Q2/M2hi), whereMhi is the break-down scale of this specialized, two-flavor
ChPT.
The above power counting applies to expansion of the amplitude, not that of properties
like the pole position that are extracted from the amplitude. While the LO amplitude
will establish qualitatively the existence of the advocated resonance, the LO value of the
imaginary part of its pole position does not necessarily reflect the total decay width, at least
not to the accuracy level discussed above.
Let us proceed to more quantitative analyses. With T (~q;E,EΛ, q0) representing the πΛ
⋆
c
amplitude, the first line of Fig. 1 translates into the following integral equation,
T (~q;E,EΛ, q0) = − h
2m2π
3f 2π(EΛ − q0 + i0)
+ ih2
m2π
3f 2π
∫
d4l
(2π)4
1
E − q0 − l0 + i0
1
2mπl0 −~l 2 + i0
× T (
~l;E,EΛ, l0)
E − l0 − δ − ǫh2
√−2(E − l0)mπ − i0 + i0 ,
(7)
where l20 has been dropped off in the pion propagator, since l0 ∼ ~l2/2mπ. Integrating over
l0 and the angular part of ~l, setting q0 = ~q
2/2mπ to define t(q; E ,B) ≡ T (~q;E,EΛ, q2/2mπ),
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we arrive at
t(q; E ,B) = 8π/|r|
3(q2 + B) +
2
3π
∫
Σl
dl
l2
q2 − E + l2 + i0
× t(l; E ,B)
− 1
a
− |r|
2
(E − l2) +√l2 − E − i0− i0
,
(8)
where E ≡ 2mπE, B ≡ −2mπEΛ, and the πΣc scattering length and effective range have
been used to make the notation more compact. The subscript Σl serves to remind that
in order to continue t(q; E ,B) to the complex E plane, we need to deform the integration
contour away from the positive real axis. Since we are only interested in extracting the pole
position, the field renormalization constants of π and Ψ are not accounted for.
The integral in Eq. (8) actually converges. To see this, note that the q dependence on
the right hand side suggests that when q → ∞, t(q; E ,B) vanishes as fast as q−2. The
convergence is also confirmed numerically. It is rather important that the pole position
extracted is independent of the way the integral is regularized, for we can then state with
confidence that the sought-after hadronic structure does not come out of modeling short-
range QCD physics.
In order to continue analytically the above integral equation into the complex E plane,
one must deform tactfully the integration contour so that, as E moves into its second sheet,
it does not interfere any singularities of the integrand. The technique used here is similar
to that of Ref. [16], i.e., rotating the l contour l → le−iφ. Reference. [16] accounted for
the singularities of two propagators as functions of l, but did not discuss the possible l-
singularities of t(l; E ,B) as a function of l. Remarkably, even after taking into consideration
the singularities of t(l; E ,B) as a function of l, one can show that the prescription of Ref. [16]
does not need to change. The technical details of the calculation is carried out will be shown
in a later publication [17].
Numerical calculations indeed indicate that there exists a resonance state with I(JP ) =
1(1
2
+
), situated near the ππΣc threshold. I denote this state by Σ(ππΣc,
1
2
) in the present
paper. Its existence is manifested by the resonance pole of πΛ⋆c → πΛ⋆c amplitude. A
mathematically compact way to present the pole position is to define dimensionless quantities
E˜ ≡ E/(ǫh2mπ)2, δ˜ ≡ δ/(ǫ2h4mπ) , (9)
and to show how the pole position in the E˜ plane varies with δ˜, E˜pole = E˜pole(δ˜). Figure 3
shows the pole trajectory as δ˜ varies from −4 to −1.
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FIG. 3: As δ˜ changes, the pole trajectory of the Σ(ππΣc,
1
2). From left to right, the filled circles
correspond to δ˜ = −1,−2,−3,−4, respectively. (See the text for more detailed definitions of E˜ and
δ˜.)
Because Λ⋆c is only a couple of MeVs away from the πΣc threshold, its properties h
2 and
δ, determined from the pionic decay data, are sensitive to the mass splitting between π0 and
π±. Before a more accurate calculation is carried out [17], we can have a flavor of the pole
position of Σ(ππΣc,
1
2
) by applying two sets of parameters to the present isospin-invariant
calculation, with the isospin-averaged pion and Σc masses adopted, mπ = 138.0 MeV and
MΣc −MΛ+c = 167.1 MeV. One has a higher Λ⋆c mass [18]:
MΛ⋆c −MΛ+c = 308.7MeV , h2 =
3
2
× 0.30 , (10)
which gives Σ(ππΣc,
1
2
) the following pole position,
MΣ(ππΣc, 12 )
− (MΣc + 2mπ) = (4.00− 5.72i)MeV . (11)
The other is from Ref. [19]:
MΛ⋆c −MΛ+c = 305.8MeV , h2 =
3
2
× 0.36 , (12)
resulting in the pole being situated slightly below the ππΣc threshold,
MΣ(ππΣc, 12 )
− (MΣc + 2mπ) = (−0.45− 0.02i)MeV . (13)
If we replace Σc and Λ
⋆
c with their spin-3/2 partners, Σc(2520) and Λ
+
c (2625), and repeat
the above analysis, it is likely to find the spin-3/2 partner of the Σ(ππΣc,
1
2
), with a mass
a few tens of MeVs heavier. If this turns to be the case, it is conceivable to identify the
8
ΛcΣc(Σ
⋆
c)Σc
FIG. 4: The decay of Σ(ππΣc,
1
2 ) into Λ
+
c π
−π+. The blob represents the composite structure of
Σ(ππΣc,
1
2).
pair with the lower broad peak, labeled by Λ+c (2765) in Ref. [1], and observed by CLEO in
decays into Λ+c π
−π+ [20] where it was not ruled out that the peak could be two overlapping
states. Studies based on quark models related to Λ+c (2765) can be found in, for examples,
Refs. [21, 22].
While a more careful confrontation with the invariant mass spectrum data is un-
derway [17] to determine whether Λ+c (2765) is indeed Σ(ππΣc,
1
2
) or the overlapping of
Σ(ππΣc,
1
2
) and its spin-3/2 partner, I point out here that the decay of Σ(ππΣc,
1
2
) into
Λ+c π
−π+ is possible, with the dominant contribution illustrated in Fig. 4. From left to right,
the first solid line represents a Σc intermediate state that is above its energy shell by about
2mπ. After emitting a pion, the Σc could become on-shell, either remaining to be itself or
turning into Σc(2520). Then the Σc or Σc(2520) decays into Λ
+
c π. This decay mechanism is
consistent with the finding of Ref. [20] that Λ+c (2765) appears to resonate through Σc and
probably also Σ⋆c .
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